Objective: To evaluate the impact of low birth weight as a risk factor for retinopathy of prematurity (ROP) that will require treatment in correlation with gestational age at birth (GA).
Introduction
Retinopathy of prematurity (ROP) is a disease affecting very preterm infants that can potentially result in blindness. Timely detection and treatment of ROP is crucial. It is important to determine all risk factors in order to improve the identification of infants at greatest risk for severe ROP.
The most important risk factors for ROP are the degree of prematurity [1] and low birth weight (BW) [2] , but there are other risk factors associated with infant postnatal morbidity such as days of ventilation [3] , sepsis [4] , hyperglycemia [5] , blood transfusions [6] , and bronchopulmonary dysplasia [7] .
In recent years, studies have consistently identified poor postnatal weight gain as a strong predictor of ROP [8] [9] [10] [11] [12] . Study findings have, however, been contradictory as to whether or not prenatal growth restriction is a risk factor for ROP. Prenatal growth restriction can be defined as the infant's deficit from normal birth weight standard deviation score (BWSDS). The term small for gestational age (SGA), defined as BW per GA below a certain percentile or confidence interval based on growth charts, is also frequently used to describe infants' prenatal growth restriction. SGA was found to be a risk factor for ROP in some studies [2, [13] [14] [15] . However, in other studies no significant differences were found between infants born SGA and those with a BW appropriate for their gestational age and the risk of developing ROP [3, [16] [17] [18] . A possible explanation for these inconsistent results may be differences in the characteristics of the study populations and study designs. The definition of SGA has varied in previous studies where it has been defined as a BW ranging from below the 3 rd (approximately corresponding to 2 SD below the gestational-age related mean) to below the 10 th percentile. Furthermore, the definition of normal BW in relation to GA varies according to different growth charts. Growth charts used throughout the world vary in design; some are based on longitudinal fetal ultrasound weight estimations and thereby aim to reflect undisturbed intrauterine growth [19, 20] , some are based on live births [21, 22] , and others on live as well as still births [23] .
Therefore, the aim of this study was to clarify the association between low BW and the development of ROP that will require treatment in a large cohort of very preterm infants. Calculation of BW deficit and definition of SGA was performed according to different reference models of GA-related growth to determine if this would affect the results.
Our major findings were that low BWSDS is a risk factor for preterm infants who will require treatment for ROP and that the impact of low BWSDS in more mature infants who will require ROP treatment is greater. The results persisted independent of differences in the growth charts applied.
Study Population and Methods

Study population
For this study, data from five cohorts enrolled in the WINROP (Weight IGF-1 Neonatal ROP) studies were retrospectively reviewed. These were: the EXPRESS cohort, extremely preterm (GA ,27 weeks, n = 707) infants born in Sweden between 2004 and 2007 [24] [10] . Comprehensive descriptions of all infants and data collected in each cohort have been reported previously [10, 11, [24] [25] [26] .
Data regarding correlations between ROP requiring treatment and GA, BW, and gender were retrieved retrospectively from each original study. In the current analysis, infants were excluded if they were born after 32 week GA. Infants who died before 40 weeks postmenstrual age were also excluded since ROP grading may have been incomplete. Due to different inclusion criteria in the cohorts, the number of infants excluded due to death before 40 weeks postmenstrual age differed. The number of infants excluded in each cohort is presented in Figure 1 .
ROP screening and treatment
ROP screening examinations were conducted according to current national guidelines for each cohort. The revisited International Classification of Retinopathy of Prematurity was used for ROP classification in all cohorts [27] . Details on current ROP screening guidelines and schedules and the performance of the ROP examinations are described in each previous publication [1, 10, 11, [24] [25] [26] . The recommendations of the Early Treatment for Retinopathy of Prematurity Cooperative Group were followed for treatment [28] .
Statistical analysis
Birth weight standard deviation scores (BWSDS) were calculated using two well-established growth charts, both developed for infants born after 22 weeks GA. The Swedish gender-specific reference is considered to reflect undisturbed intrauterine growth [19] , and the Canadian gender-specific reference is based on live as well as still births [23] . SGA was defined as BW less than 22.0 BWSDS based on the Swedish growth reference and as BW below the 10 th percentile based on the Canadian growth reference. We further defined severe growth restriction as a BW below the 3 rd percentile using the Canadian growth reference.
The To assess whether BWSDS had a different impact on ROP requiring treatment for infants born at GA ,26 weeks compared with infants born at GA $26 weeks, we allowed for different associations with BWSDS by including an interaction term (BWSDS*GA group, where GA group = 1 if GA $26 weeks and 0 if GA ,26 weeks). The multivariable logistic regression analysis included GA, gender, BWSDS, the indicator variable GA group, and the interaction term BWSDS*GA group. Two different BWSDS were calculated; one using the Swedish growth reference and one using the Canadian growth reference. Hence, two multivariable logistic regression models were estimated.
IBM SPSS Statistics 20 for Microsoft Windows (IBM Corporation, Armonk, NY) was used for statistical analysis as well as SAS version 9.3. Mann-Whitney U test was used for group comparisons. Correlations were assessed using the Spearman correlation coefficient (r S ). Wilcoxon Signed Rank test was used to compare the two BWSDS references. The association with the outcome (ROP requiring treatment or no ROP treatment) is expressed as the odds ratios (OR) with 95% confidence intervals (CI). The Hosmer and Lemeshow test was used to assess the goodness-of-fit for the multivariable logistic regression model [29] .
Ethics statement
The Swedish studies were approved by the Regional Ethical Review Board of Gothenburg, Sweden. The American studies were retrospective chart reviews; hence no consent for data retrieval was needed.
Results
Study population
For this study, 2941 infants were eligible. Infants were from the EXPRESS cohort (426 infants), North American cohort (1772 infants), Boston cohort (338 infants), Lund cohort (52 infants), and the Gothenburg cohort (353 infants) ( Figure 1 ). The birth characteristics of infants in each cohort/GA group are described in Table 1 .
BWSDS and GA groups
A negative correlation between BWSDS and GA was found regardless of growth reference; low BWSDS was associated with higher GA (Swedish reference: r S = 20.25, p,0.001, Canadian reference r S = 20.12, p,0.001). Median BWSDS, regardless definition, was lower in infants treated for ROP compared with infants not treated for ROP between GA 24-29 weeks (MannWhitney U test, p,0.05, Figure 2 ).
Prevalence of SGA
The prevalence of SGA, regardless of definition, increased with GA. The prevalence of SGA Sweden was 5.6% (7/126) in the 22-23 weeks GA group, and increased to 40.4% (289/716) in the 30-31 weeks GA group. The prevalence of SGA Canada was 4.0% (5/126) in the 22-23 weeks GA group and increased to 17.6% (126/716) in the 30-31 weeks GA group (Table 1) .
Prevalence of infants treated for ROP
The prevalence of infants treated for ROP was 45.2% (57/126) in the 22-23 weeks GA group. The prevalence decreased to 0.1% (1/716) in the 30-31 weeks GA group. The prevalence of infants treated for ROP varied from 17.1% (73/426) in the EXPRESS cohort to 4.1% (14/338) in the Boston cohort (Table 1) .
Risk factors for ROP that will require treatment
Possible risk factors for an infant who will require ROP treatment were as follows: GA (weeks at birth), BW (50-g increments), gender, BWSDS and SGA calculated and defined by both the Swedish and Canadian growth references, and severe growth restriction calculated by the Canadian growth reference. First, each risk factor was evaluated separately using logistic regression. For the whole cohort, low GA at birth (p,0.001), low BW (p,0.001), and male gender (p,0.05) were significant risk factors. Neither low BWSDS Sweden nor SGA Sweden were significant risk factors for ROP that will require treatment. However, low BWSDS Canada (p,0.001), SGA Canada (p,0.01), and severe growth restriction (p,0.001) were risk factors. When dividing the infants into GA groups, BWSDS, SGA, and severe growth restriction were significant risk factors for infants born at GA 26-27 weeks independent of whether these were defined according to the Swedish or Canadian growth references (Table 2 ).
In the next step, multivariable logistic regression analysis was used. Low GA (p,0.0001), male gender (p,0.01 and p,0.05), and the interaction term (BWSDS*GA group) (p,0.001), regardless of BWSDS growth reference, were risk factors for ROP that will require treatment. The multivariable logistic regression analysis was performed with the Swedish as well as the Canadian growth references (Hosmer-Lemeshow test did not indicate any lack of fit for either model, p Swe = 0.67, p Can = 0.53). Independent of which growth reference was used, BWSDS was less important as a risk factor in infants born at GA ,26 weeks compared with infants born at GA $26 weeks (BWSDS Sweden ; OR = 0.80, 95% CI 0.70-0.91 vs OR = 0.56, 95% CI 0.47-0.68 and BWSDS Canada ; OR = 0.72 95% CI 0.60-0.87 vs OR = 0.41, 95% CI 0.31-0.55) ( Table 3 and Figure 3) . Consequently, infants born at GA , 26 weeks had reduced odds of requiring treatment by 20-28% for every 1 SD increase in BWSDS compared with infants born at GA $26 weeks who had a 44-59% reduction for every 1 SD increase in BWSDS. 
Discussion
In this study, we established that the impact of low BWSDS and SGA as risk factors for severe ROP requiring treatment is dependent on GA at birth. This result persisted even when we used two different growth charts to calculate BWSDS and define SGA. GA at birth is a strong predictor of ROP and a low BWSDS may enforce the power of this predictor in more mature infants. These findings may help to explain the inconclusive results of previous studies. The risk of developing severe ROP that requires treatment is increased for the most immature infants; growth restriction is less of a risk factor. If born at a more mature age, the preterm infant's risk is minor for severe ROP unless the infant is born growth restricted. Our new finding that low BWSDS and SGA increases the risk significantly in more mature infants will be of value when counseling parents regarding their infant's risk of developing severe ROP and planning for ROP screening. Our findings could improve the ability to identify those more mature infants at greater risk for ROP who may require treatment, and spare mature infants at minor risk at least some of the painful and stressful eye examinations.
In previous studies concerning low BWSDS as a risk factor for ROP, infants were grouped differently. This could explain why the results have been inconclusive [2, 3, 13, 14, [16] [17] [18] . However, Qui et al. [15] reported that the impact of SGA as a risk factor for severe ROP varies for infants born #26, 27-28, 29-30, or 31-32 weeks GA. Consequently, differences among study results concerning low BWSDS as a risk factor for ROP may depend on the infants' GA at birth. An additional difference in these reports is the degree of ROP investigated, which varied from ''any ROP'' to ''severe ROP''.
Variability among the study results may also arise from the different growth charts used for calculating BWSDS, and in the definition of SGA. In the studies noted above, SGA was defined as a BW deficit of less than the 3 rd to below the 10 th percentile. In the present study, we chose to use two well-established but different growth references, both of which were developed for preterm infants from GA of 22 weeks, but constructed differently regarding the included infants. We defined SGA as less than 22 SDS of GAappropriate BW with the Swedish reference, and SGA defined as BW below the 10 th percentile with the Canadian reference. We found a significantly lower median BWSDS and higher prevalence of SGA in the cohort when we used the Swedish growth reference to calculate BWSDS compared with results calculated with the Canadian growth reference. This finding is not unexpected since the Swedish reference is based on fetal ultrasound, which is considered to reflect undisturbed intrauterine growth, and the Canadian reference which is based on live and still born preterm infants, regardless cause of preterm birth or death. One must question whether strict cutoffs for prenatal growth restriction, such as SGA, are the preferred choice when estimating an infant's risk of developing severe ROP.
In univariate logistic regression for the whole cohort, BWSDS Sweden and SGA Sweden were not significant risk factors, whereas BWSDS Canada and SGA Canada were risk factors. These results show that when estimating prenatal growth restriction, the choice of the growth chart reference may affect the results. Subgroup analysis showed that SGA and BWSDS were variable risk factors dependent on GA at birth. Low BWSDS, as well as SGA, regardless of definition, had the same impact. The more mature the infant, the greater the impact of low BWSDS as a risk factor for severe ROP that will require treatment.
In multivariable logistic regression analysis, we confirmed that the odds of requiring treatment for ROP were reduced with higher BWSDS. As we designed an interaction term, the product of relevant BWSDS and GA group, we established that BWSDS (regardless of growth reference) was dependent on GA at birth. Infants born at GA ,26 weeks had reduced odds of requiring treatment for ROP by 20-28% for every 1 SD increase in BWSDS compared with infants born at GA $26 weeks, who had a 44-59% reduction for every 1 SD increase in BWSDS (BWSDS Sweden ; OR = 0.80 vs 0.56 and BWSDS Canada ; OR = 0.72 vs 0.41). To our knowledge, no previous study has evaluated BWSDS in preterm infants as a risk factor for severe ROP while taking into account the interaction with GA at birth, and considering different BW deficit references.
The underlying reason for the observed shift in the impact of BWSDS as a risk factor for ROP that will require treatment should be discussed. A confounding factor of this finding may be the increasing prevalence of infants born with low BWSDS with increasing GA at birth. Infants born with low BWSDS or SGA have an increased risk for perinatal death, both fetal and neonatal [30] [31] [32] . Moreover, when low BWSDS and SGA is associated with additional prematurity, the perinatal mortality rates increase [33] . Stoll et al. [34] suggested that the increased survival rates with increasing GA partly reflect physicians' attitudes towards providing intensive care, as measured by the frequent use of antenatal corticosteroids as well as the frequency of active resuscitation in the delivery room [34, 35] . Consequently, more aggressive lifesaving interventions are initiated for infants born at an older GA, even for severely growth-retarded fetuses. Thus, the increasing impact of low BWSDS as a risk factor for ROP that will require treatment may be a reflection of the increasing number of surviving infants born with low BWSDS with additional GA weeks at birth. Regardless of the reason behind the finding that low BWSDS is a risk factor for ROP depending on GA, the result remains the same; infants who are born more mature but that are growth restricted should receive adequate attention from the screening ophthalmologist.
Today, most current ROP screening guidelines, which primarily use GA and BW as screening criteria, are vague about the selection of which infants should be screened. Prenatal as well as postnatal growth restriction can be identified by utilizing webbased systems such as WINROP [10, 11] and CHOP [36] . By improving the identification of infants at greatest risk for ROP that will require treatment, ophthalmological interventions can focus on those infants at greatest risk, sparing those at minor risk from at least some stressful and painful eye examinations.
In our study, male gender was a significant risk factor for ROP that will require treatment according to univariate logistic regression analysis in the whole cohort (OR = 1.30, 95% CI 1.02-1.47, p,0.05) and for infants born during GA 24-25 week (OR = 1.50, 95% CI 1.16-2.20, p,0.05). In the earliest descriptions of ROP in the 1940s, male preterm infants were described as more frequently affected by ROP than female ones [37] . A few subsequent reports have supported these findings [2, 38] . In the multivariable logistic regression analysis, male gender persisted as a risk factor. Whether or not male gender is also a risk factor for severe ROP dependent on GA will require further investigation.
A major strength of this study is that we calculated BWSDS using two different, well-established growth reference charts; one based on undisturbed intrauterine growth, and the other based on live as well as still born preterm infants. Using both reference models, low BWSDS as well as SGA were risk factors for ROP that will require treatment depending on the infants' immaturity at birth.
Another major strength is the large size of the cohort eligible for assessment, which included 2941 infants from three countries; Canada, Sweden, and the USA. With this constellation of study cohorts, we successfully enrolled almost 700 infants in each pairwise GA group, with the exception of the most preterm group, GA 22-23 weeks.
A limitation of this study is that other established risk factors were not considered when calculating the risk of ROP that will require treatment such as genetic disorders, twin situation, race, and other postnatal morbidities such as days of ventilation, bronchopulmonary dysplasia, septicemia, and necrotizing enterocolitis. Further studies of BWSDS and other postnatal morbidities as risk factors for severe ROP, with special attention to correlations with the infants' GA at birth, would be of great interest.
In summary, growth restriction at birth, calculated using two differently defined well-established growth references, is an important risk factor for ROP that will require treatment, and was dependent on the infants' degree of immaturity. ROP screening criteria need to be continually revised according to new findings in order to focus attention on those infants at greatest risk for severe ROP, and to spare infants at reduced risk from at least some of the stressful eye screening examinations. Table 3 . Association between infant natal characteristics and ROP that required treatment (according to multivariable logistic regression analysis). 
